Two-dimensional compressible magnetohydrodynamic simulations of current sheet dynamics under the influence of localized anomalous resistivity are presented. The system is initially perturbed by several spots of anomalous resistivity distributed in the sheet. Following a phase of induced tearing resulting from the initial perturbation, magnetic island coalescence occurs until one island persists. Finally the evolution becomes eruptive, dominated by the acceleration and ejection of a plasmoid, as a consequence of the amplification of a small initial asymmetry after a few 10 2 Alfvén times. These processes are accompanied by strong enhancements of the current density. It exceeds the threshold of kinetic instability repeatedly and leads to recurrence of anomalous resistivity, which drives the evolution. Jets are formed, driven by field line reconnection and locally enhanced dissipation at dominant X-points. The conversion of magnetic energy into kinetic energy is most efficient during the acceleration phase of the plasmoid. The evolution becomes more impulsive and leads to stronger current density enhancements for higher Lundquist numbers.
I. INTRODUCTION
The dynamical evolution of current sheets is of interest for the understanding of eruptive energy release events in astrophysical and laboratory plasmas. Examples of such phenomena are solar and stellar flares and geomagnetic substorms. Recent x-ray observations of solar flares by the Yohkoh satellite strongly support the long-standing hypothesis that current sheets above large magnetic loops in the corona are the site of the primary, impulsive magnetic energy release. 1 Instabilities in current sheets are thought to cause this energy release, to accelerate particles which emit the x-rays, and to trigger subsequent eruptive processes in such events.
The free magnetic energy stored in current sheets may be released by a variety of magnetohydrodynamic ͑MHD͒ and kinetic plasma instabilities. The most important instabilities are the tearing instability, the coalescence instability, current-driven kinetic instabilities, and the radiative instability. Important issues in the investigation of current sheet dynamics are identification of the primary instability and clarification of how the instabilities are interrelated. In this paper we address the second of these questions, based on the assumption that a kinetic instability occurs first and drives the magnetohydrodynamic instabilities by localized anomalous enhancements of the resistivity.
A substantial number of current-driven kinetic instabilities can be relevant to the dynamics of current sheets; 2 however, they share similar properties concerning the related magnetohydrodynamical evolution. All grow and reach saturation on time scales far shorter than the time scales of the MHD instabilities for any realistic spatial scale length. They possess high threshold values of the current density and produce anomalous resistivity, which exceeds the collisiondominated resistivity by several orders of magnitude. Of course, the anomalous resistivity will occur in a localized manner. The current density threshold, j cr , can be related via Ampère's law to a critical current sheet width l cr , for given asymptotic magnetic field strength. Taking the lowerhybrid-drift ͑LHD͒ instability as an example, we have 2 j cr Ϸnev ti and find l cr ϳB/( j cr )ϳ4␤
Ϫ1 r ci , where n is the particle number density, v ti the ion thermal velocity, ␤ the plasma beta, and r ci the ion cyclotron radius.
In spite of the high threshold, one might expect that kinetic instabilities do occur in current sheets. Suppression of tearing modes by flows, which form a current sheet by pushing separate flux systems together, is one possible reason. In case of current sheet formation by so-called loss of equilibrium, 3 the change of topology proceeds on Alfvénic or sub-Alfvénic time scales, i.e., too fast for tearing modes to develop. In astrophysical plasmas, the current sheet length L CS , set by the overall geometry of the unstable magnetic configuration or by the scale of the driving process, is usually many orders of magnitude larger than the critical current sheet width ͑in case of solar flares we have L CS տ10 9 cm and l cr ϳ7ϫ10 3 cm, based on the LHD instability and typical parameters of the inner corona, Nϭ10 10 cm Ϫ3 , Tϭ2.5ϫ10 6 K, Bϭ200 G͒. Therefore, one cannot expect that the threshold of the kinetic instability is reached simultaneously along most parts of the sheet; instead it will first be reached at one or a few points scattered along the sheet, which will be distinguished by fluctuations of plasma parameters with spacings larger than the mean free path ( m f p ϳ5ϫ10 6 cmӶL CS in our example͒. Systems with a single initially prescribed region of anomalous resistivity, an , located in the center of a current sheet, have previously been studied systematically in twodimensional ͑mostly symmetrical͒ simulations; 4-6 also threedimensional simulations have been performed. 7 The principal result is that, once the system is disturbed locally and temporarily by anomalous resistivity, a positive feedback occurs which leads to reappearance of anomalous resistivity, coupled with rapid energy conversion, in the neighbourhood of the original disturbance after a few tens of Alfvén times. a͒ Electronic mail: jschumacher@aip.de This is due to the preferred acceleration of plasma along the current sheet, which drags new plasma into the sheet from above and below, which, in turn, leads to a thin, elongated current sheet with enhanced current density. 5, 6 No uniform picture of the evolution at later times has as yet evolved. Depending on the values of parameters like the current sheet length and the plasma beta and on the threshold condition for occurrence of anomalous resistivity, the evolution may be inherently unsteady with time-varying flows, ''secondary'' tearing, and island coalescence, or it may lead to a stationary Petschek-like configuration. 5, 6, 8 Periods of enhanced reconnection rates during tearing phases with occurrence of anomalous resistivity at the X-points show enhanced energy release in both of these cases. If the condition of symmetry about the region of initial anomalous resistivity is relaxed, small disturbances may cause a completely different behaviour: the central island may be accelerated and leave the box, which leads to complete breakdown of the configuration. 9, 8 In this paper we study a uniform current sheet which is initially perturbed by several spots of anomalous resistivity distributed along the sheet. Further, the simulation domain extends over the first and second quadrant ͑only the lower boundary is symmetrical͒, such that asymmetric flows and accelerations are permitted. We ask whether the flows from neighbouring an -spots disturb each other in such a manner that a coherent X-point flow pattern supporting recurrence of anomalous resistivity cannot develop, or whether, on the contrary, multiple coalescence 10 leads to a more rapid energy release and is associated with an even stronger an -recurrence than the secondary tearing in the simulations mentioned above. Further, we wish to study whether this inherently unstable system shows any tendency to evolve into a stationary Petschek-like configuration for more general, asymmetric, perturbations and at high Lundquist numbers. In the following sections we present ͑1͒ the dynamical development of the system, including X-and O-point formation, coalescence, jet formation, and plasmoid acceleration, ͑2͒ a quantitative analysis of the conversion of magnetic energy, ͑3͒ the temporal behaviour of important functions such as the current density ͑which controls whether kinetic instabilities and anomalous resistivity will occur repeatedly͒ and the electric field ͑which is relevant to the acceleration of particles͒, and ͑4͒ the scalings of certain key parameters with the Lundquist number S and the plasma beta.
II. SIMULATION MODEL

A. Basic equations and numerical method
The evolution of a compressible magnetofluid is governed by the following equations:
‫ץ‬ t uϩ͑u•ٌ͒uϭϪٌpϩj؋B, ͑2͒
where the current density j, the total energy density U, and the flux vector S are given by
and e is the internal energy per unit mass, which is related to the pressure through the equation of state, pϭ(␥Ϫ1 )e. In the two-dimensional model adopted here, ‫ץ/ץ‬zϭ0 for all quantities and B z ϭu z ϭ0; hence the current density and the electric field possess only z-components; further, the ratio of specific heats ␥ϭ2. The electric field is given by EϭϪu؋Bϩj. Equations ͑1͒-͑4͒ are transformed into a flux conserving form, ‫ץ‬ t ⌽ϩ‫ץ‬ x F(⌽)ϩ‫ץ‬ y G(⌽)ϭ0, for each of the six integration variables, ⌽ϭ(,u x ,u y ,B x ,B y ,U), where F and G are the nonlinear flux terms. A two-step Lax-Wendroff scheme according to Ugai and Tsuda 4 is employed for the numerical integration. In order to stabilize the scheme, a variant of artificial smoothing 11 is applied such that the variables at each grid point are replaced after each full time step of the Lax-Wendroff algorithm in the following manner:
The values for the smoothing parameter are chosen very close to unity, у0.98 ͑see below͒. The condition ٌ•Bϭ0, if initially satisfied, is conserved by this scheme within the numerical accuracy for the whole integration time. The variables are normalized by quantities derived from the current sheet half width l CS and the asymptotic ͓ y→ϱ͔ Alfvén velocity V A ϭB 0 /( 0 ) 1/2 of the configuration at tϭ0; specifically x, u, t, p, E, j, and are normalized by
, and l CS V A , respectively. The simulations are performed on Cartesian grids with 515ϫ77 grid points, and ⌬xϭ⌬yϭ1/24 in most cases presented here.
Special attention is paid to the values of the time step and the smoothing parameter. Since we wish to study the dependence of characteristic quantities on the Lundquist number, a uniform background resistivity 0 is set explicitly.
With the chosen normalization, Sϭ 0 Ϫ1 . In order to ensure that the numerical diffusion of the Lax-Wendroff code, which may be expressed 12 as an equivalent normalized resistivity LW Ϸu 2 ⌬t, remains smaller than the diffusion due to 0 , we require ⌬t(t)р(2/3) 0 /u max 2 (t) in addition to the Courant criterion. Here, u max is the maximum velocity on the grid at each time step. The additional diffusion introduced by the artificial smoothing is equivalent to a normalized resistivity Ϸ(1Ϫ)⌬x 2 /(8 ⌬t), as may be obtained by a Taylor expansion to second order. Similar to the condition on ⌬t, we require (1Ϫ(t))р(16/3) 0 ⌬t(t)/⌬x 2 .
B. Initial and boundary conditions
The Harris equilibrium with uniform density is chosen as the initial condition:
where the plasma beta is defined as ␤ϭ2p(͉y͉→ϱ)/B 0 2 . The normalized variables are used in these equations and below. In order to study the effect of slight asymmetries, a perturbation ␦B x (x 0 ,y 0 ,0)ϭ10 Ϫ5 is added at one grid point (x 0 ,y 0 ).
Symmetrical boundary conditions are chosen at the lower boundary (yϭ0), while the other three boundaries are open, i.e., the simulations are performed in the first and second quadrant. The open boundary condition is realized by the requirement that the normal derivative of all variables vanishes, except for the normal component of B, which is determined from the solenoidal condition.
C. Anomalous resistivity
The Harris equilibrium is initially perturbed by an anomalous resistivity profile. A number of spots with enhanced resistivity are put into the current sheet for 0рtрt 0 ͑with t 0 ϭ4 in all cases presented below͒:
where r i is the distance to the i'th spot at position (x i ,0). The parameter r 0 , taken to be unity, characterizes the width of the spots, and the A i denote their amplitudes. Some scatter of the amplitudes can be expected in natural systems, due to variation of the plasma parameters along the current sheet. Therefore, ratios of 1.2 between different A i are used in the simulations. The maximum amplitude is identical in all runs, max͕A i ͖ϭ0.03, independent of the value of 0 . The spots are arranged in a perfectly symmetrical manner about the center of the box.
For tϾt 0 the resistivity is determined self-consistently from the local value of the current density for every time step: an ''anomalous'' value an is set if a threshold, j cr , is exceeded. In practice it turned out to be advantageous to average the current density over nϫn grid points before the comparison with j cr is done and to set the anomalous resistivity in such a cluster-like manner. This effectively raises the current density threshold somewhat and reduces the integral amount of Ohmic heating efficiently, which has a favourable influence on the numerical stability and permits studying the system with very small amounts of smoothing, i.e., at high Lundquist numbers. The average is denoted by ͗ j͘, and nϭ3 is used in all cases. Since the kinetic instabilities lead to resistivity enhancements of several orders of magnitude for high Lundquist numbers, an is modeled as the sum of a step-like enhancement and a term which grows with (͉͗ j͉͘Ϫ j cr ):
͑5͒
where C 1 ϭ0.025 and C 2 ϭ25. Note that this anomalous resistivity scales with the background resistivity 0 .
III. DYNAMIC DEVELOPMENT
A. Two dominant X-points
A detailed description of the dynamic development of the current sheet is given for two representative cases. Figures 1 and 2 show a time sequence of the magnetic and velocity fields, respectively, for an initial perturbation with two dominant anomalous resistivity spots, A 1 :A 2 :A 3 ϭ1.2:1:1.2. Parameters are Sϭ1000, ␤ϭ0.1, and j cr ϭ1.1. The initial resistivity profile causes current dissipation, plasma heating, and magnetic field line reconnection towards an X-point topology at the points (x i ,0); cf. tϭ4. A chain of magnetic islands results from this phase, which we refer to as ''induced tearing.'' As in the case with one an -spot, 5, 6 the system shows a tendency to develop preferential outflows in the x-direction from the X-points. However, backflows from high-pressure regions between the X-points inhibit the development of the typical flow pattern at single X-points ͑with persistent inflow in the y-direction and decreasing current sheet width͒ for several tens of Alfvén times. Subsequently, the current density recovers and develops maxima at the dominant X-points for tϾ45, but it stays minimal at the weaker X-point in the box center. In spite of the relatively low current density threshold, anomalous resistivity recurs only sporadically and does not play an important role in the dynamics during the phase immediately following the induced tearing.
For about 100 Alfvén times after the initial perturbation, the system shows magnetic island coalescence, or annihilation of the weak X-point, and outflows across the side boundaries. Coalescence is slow initially since the current density is not strongly peaked at the O-points. It is driven by two effects due to the existence of dominant X-points. First, at the dominant X-points a larger amount of magnetic flux is reconnected, which leads to net acceleration of the islands away from those X-points. 9 This effect is apparent from the existence of field lines enclosing both islands; it will occur for arbitrarily small differences between the initial anomalous resistivity spots if diffusion is sufficiently weak. Second, at tտ80 strong jet-like flows toward the box center are created at those X-points, which rapidly drive the coalescence toward completion ͑cf. tϭ100). The coalescence phase proceeds in a similar manner if initially several islands exist between the two dominating X-points, always resulting in one final pair of X-points. From the energy release point of view, the outflow is more important than island coalescence since the outflow reaches u x ϳ0.1V A , while the coalescence is connected only with velocities u x ϳ0.02V A ; however, the coalescence is an important step toward the strong energy release process during the later evolution of the system.
To the same degree that the flows connected with the stronger X-points dominate, the current density grows at those X-points and near the separatrices connected to them. Anomalous resistivity reappears at both X-points for tտ50 and remains present in the system with only short interrup-tions until the end of the run. It is primarily located near the two dominant X-points. The reappearance of anomalous resistivity has a positive feedback familiar from previous simulations: It enhances reconnection and heating locally and amplifies the flow, which emanates from the X-point regions predominantly in the x-direction; thus also the inflow in the y-direction and the resulting current density maxima are amplified. Energy is pumped into the central island, which becomes a high-pressure region and develops the character of a plasmoid. Primarily near the regions where the driving jets hit the plasmoid, but also above the O-point where the plasmoid tries to expand, supercritical current densities are produced, and anomalous resistivity occurs over large areas and time intervals. This counteracts the flow from the X-points and leads to fluctuations of the jet intensity on a time scale of ϳ30 A ͑i.e., a few Alfvén travel times between the O-and X-points͒.
The system remains in this jet-driven state for about 100 A . As the central island swells, the inflow and the excitation of anomalous resistivity are reduced gradually. If no initial asymmetry is built into the system, it approaches a state with strongly reduced flows, subcritical current densities, and a plasmoid which fills the box. However, in the run shown in Fig. 1 , asymmetries become visible at tϳ200, which have grown up gradually from the tiny initial ␦B x .
Since the system is now in a state with near-critical current densities at both sides of the plasmoid, the asymmetries are rapidly amplified through the threshold condition for an -excitation ͑5͒. The plasmoid is accelerated and develops a bulk motion along the current sheet (tϾ250). This leads to elongation of the X-point structure at its rear side, where anomalous resisitivity is again strongly excited. The resulting reconnection and flow in this region amplify the acceleration of the plasmoid, whose bulk motion reaches a substantial fraction of the Alfvén velocity, u bulk Ϸ0.3V A . This final phase of the evolution shows the highest velocities and the most significant conversion of magnetic energy into kinetic energy. Since the plasmoid moves against the flow originating at the weaker X-point, strong flux pileup and supercritical current densities develop at its front side ͑Fig. 3͒. The corresponding Lorentz force in a thin shell at the front side of the plasmoid resists the plasmoid motion. In addition, anomalous resistivity is excited in this shell, which also resists the plasmoid motion due to the resulting pressure gradients. Nevertheless, the plasmoid is ejected straightforwardly.
At tϾ280 a single-X-point configuration remains. The dynamical processes decay after tϾ300. Although an outflow exists from the X-point into both directions along the x-axis for some time (tϷ260-325), preferential flows in the positive x-direction, gradually filling the whole box, are finally produced by the drag of the ejected plasmoid. With dominant flows in the x-direction, which are slightly asymmetric initially, and no forced u y -inflow, we did not find an evolution into a stationary Petschek-like configuration.
While the sequence of ͑1͒ induced tearing, ͑2͒ outflow and coalescence, and ͑3͒ jet-driven plasmoid formation is robust with respect to parameter variations and has been observed for all parameter combinations treated, the evolutionary path of the system after the jet-driven phase depends upon the chosen values of the parameters in a sensitive manner. This is a consequence of the nonlinearity of the system, whose impact on the evolution becomes more readily apparent during this phase of high velocities and current densities.
For other values of the Lundquist number, the plasmoid motion may be stopped and reversed, which leads to ejection at the opposite side. There appears to be no systematic dependence of this change of behaviour on the Lundquist number. However, no run with ␤ϭ1.0 shows reversal of plasmoid motion, which seems to be related to the fact that the current density pileup in front of the plasmoid is weaker in these cases because the plasma is less compressible. The reversal of plasmoid motion occurs within the numerical box but inevitably close to a boundary; it is associated with strong gradients and strong inflows at the boundary. Therefore, this phase is excluded from the quantitative analysis in the following sections. For one parameter set (Sϭ700, ␤ϭ0.1, j cr ϭ1.5), a completely different behaviour was found at the end of the jet-driven phase: Following a decrease of the jets from the two final X-points after those had moved out of the system, the expansion of the plasmoid was so impulsive that it was torn, and two plasmoids were ejected across the side boundaries. The asymmetry had evolved only slightly by this time (tϷ200). Spontaneous formation of new islands during the evolution ͑secondary tearing͒ was observed only for a small number of runs at other parameter combinations, where long sections of the current sheet with small B y component occurred temporarily. This effect had no significant influence on the overall dynamics or the energy conversion rate.
B. One dominant X-point
Next we consider the case of an initial perturbation with one dominant an -spot, A 1 :A 2 :A 3 ϭ1:1.2:1, and otherwise identical parameters. After the induced tearing phase, the island coalescence is driven toward the outer parts of the current sheet, enhancing the outflow. The system then behaves similarly to the case of a single initial an -spot 5, 6 and shows an -recurrence and secondary tearing of the elongated central current sheet ͑Fig. 4͒. As in the simulations of Scholer and Roth, 6 the newly created central island swells, driven by the inflow from the new X-points at both sides of the box; however, the final behaviour turns out to be different from their result but similar to the case shown above: After tϳ290, plasmoid acceleration and ejection occur as a consequence of the asymmetry. Current density extrema of similar magnitude to the case above are observed. Maximum energy release occurs again during the plasmoid-acceleration phase.
IV. ENERGY CONVERSION AND ELECTRIC FIELD
The temporal behavior of the kinetic, magnetic, thermal, and total energy, integrated over the box, is shown in Fig. 5 for the case of two dominant X-points. The first small kinetic energy enhancement results from the initial perturbation. The monotonous increase of the kinetic energy during tϷ40-100 is mainly due to the outflows from the two dominant X-points. A period of energy pumping with dominating inflow starts at tϷ100. Here the total energy is increasing while the kinetic energy oscillates due to varying intensity of the plasma jets from the X-points. The increased heating rate during this period reflects the strong excitation of anomalous resistivity. The main increase of the kinetic energy after tϷ250 is related to the plasmoid acceleration; note that the magnetic energy is decreasing during this period. This should be compared with the development of the symmetrical system (␦B x ϭ0) at identical parameters, where the kinetic energy starts to decay at tϷ250.
Let us now consider the conversion of magnetic energy quantitatively. The rate of change of magnetic energy in the box is given, in normalized variables, by
where ͗ • ͘ denotes numerical integration over the simulation domain, the total Poynting flux P is the following contour integral taken along the open boundaries P ϭ͐ C (E؋B)•dn, and dn is the outward-directed normal length element. We are interested in the relationship between magnetic energy conversion by Ohmic heating, ͗ j 2 ͘, and by the Lorentz force, ͗u•(j؋B)͘, which measures that part of the magnetic energy which is directly exchanged with the kinetic energy. The temporal development of these terms is shown in Fig. 6 . A strong positive peak of the direct conversion rate of magnetic energy into kinetic energy occurs during the period of plasmoid acceleration. The smaller peaks in the Ohmic dissipation rate are visible during the periods of strongest excitation of an at the dominant X-points (tϳ100 and tϳ300). Clearly, the acceleration of the plasmoid by the Lorentz force dominates in comparison to the acceleration by pressure gradients, which are created by anomalous resistivity at the strong X-point left of the plasmoid. The bulk acceleration by the Lorentz force derives from the difference of magnetic flux reconnection between the two dominant X-points. This quantity is determined numerically as Fig. 1 ͑upper panel͒, and difference of reconnected flux before and during plasmoid acceleration ͑lower panel͒.
where X 1,2 (t) and O(t) are the positions of the X-and O-points, respectively, and plotted in Fig. 6 . From this figure it is also apparent that the total amount of direct fluid acceleration by the Lorentz force over the whole simulation run exceeds the total amount of Ohmic heating. The electric field E is composed of two parts, the convective part Ϫ(u؋B) and the conductive part j. The convective part dominates for large Lundquist numbers. In Fig.  7 the global maxima of ͉u؋B͉ and ͉j͉ on the grid are shown over time. Enhancements of the conductive part are related to the occurrence of anomalous resistivity. As mentioned above, anomalous resistivity is excited with only short interruptions for tտ50. Periods with intermittent an -occurrence can be discerned in this figure from periods with continuous an -occurrence. Strong overshoots of the current density over the threshold j cr do not occur throughout the simulation. The system is able to relax stresses, which lead to flux pileups, by producing anomalous resistivity at an early stage of the pileups and over sufficiently large areas. The most prominent effect in the electric field evolution is the peak structure of the convective electric field connected with the plasmoid acceleration of ϳ50 A duration. Such maxima may correspond, e.g., to x-ray bursts from solar flares, which often show fragmentary temporal structure at sub-second time scales.
V. PARAMETER DEPENDENCE
It is of interest to examine the dependence of the dynamics on the two important parameters, S and ␤. The range Sϭ500-4000 is considered for the case of two dominant X-points with ␤ϭ0.1 and ␤ϭ1.0. For Sу2000 a 1025ϫ149 grid with halved ⌬x, ⌬y, and ⌬t(tϭ0) is used.
The comparison with the 515ϫ77 grid at Sϭ1500 showed only small differences of the derived parameters. Also the threshold current density j cr is varied. We determine the global current density extrema, which are important for the reappearance of kinetic instabilities and give an indication of how dynamically the system evolves. For all runs with j cr р5.0, these extrema occur during the jet-driven phase of the system, while current density extrema during the plasmoid acceleration phase are somewhat smaller but of similar magnitude. The velocity of the O-point during the late phase of the evolution is taken to represent the bulk velocity of the plasmoid. It approaches a constant value, u bulk , already at some distance to the boundary of the box in nearly all cases ͑distances of ␦xу4 at the first approach to a boundary are used for the u bulk -determination͒. The results are listed in Table I .
The higher the Lundquist number, the higher the absolute values of the current density extrema. This rather clear trend in Table I might seem surprising at first glance for the following reason. On the one hand, the diffusion from both the background resistivity and the anomalous resistivity decreases, but on the other hand, the amount of reconnection and localized heating, which drive the jets and hence the flux pileup, are also expected to decrease with increasing S, according to our an -model, Eq. ͑5͒. However, the nonlinearity of the system involves another positive feedback here. The current density overshoot, max(͉j z ͉)Ϫj cr , increases with reduced diffusion and this leads to values of an which depend only weakly on the Lundquist number and to a maximum heating rate an j peak 2 which increases with the Lundquist number. The j peak (S)-dependence suggests that the effects studied here, in particular the reappearance of anomalous resistivity after a localized initial disturbance, may occur also at the high Lundquist numbers of astrophysical plasmas.
The bulk velocities do not show a clear trend with S. This reflects the fact that with a slowly varying function an (S) the an -asymmetries, which cause the acceleration, also depend only weakly on S. It is important to note that the bulk velocities reach a substantial fraction of the Alfvén velocity over the whole range of parameters studied.
For the higher value of ␤, higher absolute values of the current density extrema are found. The plasma beta influences the compressibility; the higher ␤, the less compressible the plasma. Since the j z -extrema occur during the jet-driven phase in the neighbourhood of the central island, their trend with increasing ␤ seems to be due to the decreasing compressibility of the jets, which leads to stronger deformations of magnetic field lines and therefore stronger pileup of the current density to negative and positive values in the neighbourhood of the island.
Higher bulk velocities are found at higher ␤ as well. This trend is anticorrelated with the amplitude of the current density maximum in the thin shell of flux pileup in front of the moving plasmoid, which resists the plasmoid motion. Contrary to the case of current density extrema in the jetdriven phase, which are due to field line deformations, a more compressible medium permits higher flux pileup in the nearly laminar flow configuration at this stage of development.
Finally the variation of the current density threshold is considered. For higher j cr , the system develops higher current density overshoots over the threshold value. While a low threshold permits more ready relaxation through anomalous resistivity production, the flux pileup and the stresses before relaxation become stronger at higher values of j cr , which leads to higher overshoots. Supercritical current densities are reached even if the initial current density lies substantially below the threshold.
The limiting case j cr →ϱ corresponds to a system in which anomalous resistivity is not permitted to occur after the initial perturbation. Although not in line with our assumption that the initial perturbation is caused by anomalous resistivity, it is interesting to compare runs for this case with their counterparts for j cr ϭ1.1 over a range of Lundquist numbers, Sϭ500, 700, 1000, 1500 ͑all at ␤ϭ0.1). The evolution is qualitatively similar to the behaviour described in the previous section in all of these runs, but less impulsive at small Lundquist numbers; for example, at Sϭ500 the bulk velocity remains smaller by a factor of three and the kinetic energy increase remains one order of magnitude below the values obtained with an . However, for Sу1000 even quantitative similarity is approached. Here the localized current density enhancements ͓ j max (Sϭ1000)ϭ10͔, which now occur at the dominant X-point during the plasmoid acceleration phase, lead to magnitudes of the diffusive term in Eq. ͑3͒ comparable to the runs with an . Also the bulk velocities reach comparable values, although the increase of kinetic energy remains somewhat smaller due to smaller plasmoid sizes. We note that Wu et al. 13 have found a similarly rapid (Ϸ80 A ) and substantial kinetic energy increase ͑by Ϸ10
2 ) during the acceleration of current filaments in the coalescence instability. They studied a periodic MHD system with constant background resistivity (Sϭ2000) and current filaments formed through a tearing-mode initial perturbation.
The important effect in our calculations without an is the rapid increase of the current density extrema towards higher S, which again indicates that the system tends to develop anomalous resistivity for low background resistivity.
VI. SUMMARY AND DISCUSSION
In this paper we have investigated the dynamics of a long, compressible current sheet with antiparallel external field, subject to an asymmetric, multiple-X-point initial perturbation. The initial perturbation was realized by localized resistivity enhancements at several places in the current sheet with nonuniform amplitudes, and a small asymmetry of the magnetic field. Anomalous resistivity enhancements were self-consistently determined during the calculations. A range of parameters was considered in view of conditions in astrophysical plasmas: Sϭ500-4000, ␤ϭ0.1; 1.0, j cr у1.1. The main results can be summarized as follows.
͑1͒ The multiple-X-point perturbation, combined with the development of asymmetries, leads to a generic sequence in the dynamical evolution of the current sheet, consisting of four phases. ͑2͒ Anomalous resistivity recurs in the current sheet, as a consequence of magnetic energy release and positive feedbacks in the nonlinear evolution, to an extent far in excess of the initial perturbation. It recurs for initial current densities substantially below the critical current density j cr . The occurrence of anomalous resistivity drives the evolution by enhancing reconnection and jet-like outflows at the dominant X-points and by rapidly amplifying asymmetries which result in the strong bulk acceleration of the plasmoid. Alternatively, if anomalous resistivity recurrence is inhibited by a high value of the critical current density, strong and localized current density enhancements have a similar effect. The simulations suggest that anomalous resistivity can be excited more easily at higher Lundquist numbers.
͑3͒ The conversion of magnetic energy into kinetic energy is strongest during the plasmoid acceleration. It exceeds the Ohmic heating which, however, is also of importance in the energy balance due to the occurrence of anomalous resistivity.
The evolution is supported by free outflows or persistent inflows across the open boundaries, as in previous simulations of current sheets with anomalous resistivity. Although this effect will not be present in natural systems, one may nevertheless expect recurrence of anomalous resistivity for the following two reasons. First, the separation of X-points will be larger such that the dominant-X-point flow is able to develop. Simulations by Ugai 5 of a symmetrical system nearly twice as long as the one treated here have shown that this flow can develop to sufficient strength for an -recurrence before the boundaries are reached. Second, anomalous resistivity may be excited more easily by a threshold condition which is based on the electron-ion drift velocity V d ϭ j/(ne), due to the presence of density minima. Recent results by Yokoyama and Shibata, 8 who found
an -recurrence based on this criterion in a simulation with periodic side boundaries, support this argument. The simulations presented here terminate in all cases with plasmoid ejection, accompanied by strong flows which are mainly directed along the current sheet and possess substantial asymmetry. These flows prevent the system from approaching a steady state with a Petschek-like configuration over the whole range of parameters studied, although a single, dominating X-point is present for some time during and after the plasmoid ejection. Clearly, the dynamical evolution of a current sheet is far from being complete at the time of plasmoid acceleration. At the present stage we may only speculate on the further development in a longer current sheet. The collision with neighbouring structures, possibly further plasmoids, at velocities uտ0.2V A will probably lead to even higher flux pileups and electric fields, to more rapid energy conversion, and possibly to turbulent motions.
